Single-photon two-qubit "entangled" states: preparation and measurement 
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We implement experimentally a deterministic method to prepare and measure so called single- 
photon two-qubit entangled states or single-photon Bell-states, in which the polarization and the 
spatial modes of a single-photon each represent a quantum bit. All four single-photon Bell-states 
can be easily prepared and measured deterministically using linear optical elements alone. We 
also discuss how this method can be used for recently proposed single-photon two-qubit quantum 
cryptography protocol. 
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Entanglement usually refers to multi-particle quantum 
entanglement which exhibits non-local quantum correla- 
tions that are verified experimentally by observing multi- 
particle quantum interference For example, the two- 
photon entanglement in spontaneous parametric down- 
conversion (SPDC) photon pair is observed in the form of 
fourth-order quantum interference |2|. Recently, multi- 
particle entanglement and quantum interference effects 
have been shown to be essential for new quantum appli- 
cations, such as Quantum information, metrology, lithog- 
raphy, etc. Hii. 

A different type of "entanglement", namely "single- 
particle entanglement" or "entanglement" of internal de- 
grees of freedom of a single quantum particle started to 
attract interest recently. Although single-particle entan- 
glement lacks non-locality which is at the heart of multi- 
particle entanglement necessary for a number of quan- 
tum applications mentioned above |6( , it has been shown 
nevertheless to be useful for simulating certain quan- 
tum algorithms at the expense of exponential increase 
of required physical resources 0, H, E| . Several experi- 
ments illustrating this point have already been carried 
out [n], E| • It has also been shown that single-photon 
two-qubit states may be useful for deterministic cryptog- 
raphy [T^ . 

For single-photon two-qubit states, two dichotomic 
variables of a single-photon represent the two qubits. 
Usually, one is the polarization qubit in which the basis 
states are the orthogonal polarization states of the single- 
photon (e.g., horizontal \H) or vertical \V) polarization 
states) and the other is the spatial qubit in which the ba- 
sis states are two spatial modes of the single-photon (e.g., 
the photon travels in path a or in path b) 110IID3 
Clearly, a complete basis for the single-photon two-qubit 
state can be formed by a set of any four orthonormal 
states of the photon. For example, a set of |a, V), \a,H), 
|b, V), and \b,H) forms a complete (product) basis for 
the single-photon two-qubit Hilbert space. Preparation 
and measurement of such (product) basis states are triv- 



ial since interference is not required in both preparation 
and measurement stages. It is also possible to consider 
the product basis states which are composed of symmet- 
ric and antisymmetric superposition states of the polar- 
ization qubit and the spatial qubit 0. We will discuss 
this case later in this paper. 

In the entangled basis of the single-photon two-qubit 
state, the single-photon Bell-states 
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form a complete basis. In this paper, we propose a de- 
terministic method to prepare and measure the "single- 
photon Bell-states," report results on the experimental 
implementation of the method, and discuss some po- 
tential difficulties related to the single-photon two-qubit 
quantum cryptography proposed in Ref. [l2| . 

The outline of the experimental setup is shown in 
Fig. Let us first focus on the state preparation part 
shown in Fig. HJa). The single-photon state used in 
this experiment was generated usi ng t he post-selection 
method first demonstrated in Ref. |l3|. A 2 mm thick 
type-II BBO crystal was pumped with a 351.1 nm ar- 
gon laser. Orthogonally polarized spontaneous paramet- 
ric down-conversion (SPDC) photon pairs generated in 
the crystal had central wavelength of 702.2 nm and prop- 
agated collinearly with the pump beam. After removing 
the pump laser beam with a dichroic mirror Ml, the ver- 
tically polarized photon was directed to the trigger detec- 
tor T by a polarizing beamsplitter PBS and the trigger 
signal indicated that there was one and only one pho- 
ton (polarized horizontally) traveling in the other output 
ports of PBS 14]. Note that this kind of post-selected 
single-photon states have recently been used for demon- 
strating linear optical quantum logic gates and memory 

A half- wave plate HWP orieinted at 22.5° rotated the 
polarization of the horizontally polarized single-photon to 
45° polarization state just before the second PBS. After 
the second PBS, the state of the single-photon can be 
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FIG. 1: Outline of the experiment, (a) Preparation of a 
single-photon two-qubit entangled state (Bell-state) is done 
by using a single-photon polarized in 45° and a PBS. The 
single-photon state is prepared by detecting one photon of the 
SPDC photon pair with the trigger detector T. HWP rotates 
the polarization of the single-photon to 45° and the second 
PBS prepares a single-photon Bell-state. Additional phase 
and polarization elements, 0, Q a , and 0&, may be used to pre- 
pare the other three Bell-states, (b) Bell-basis measurement. 
A PBS, which mixes spatial modes a and 6, is followed by a 
45° oriented PBS located at each output port. The detector 
click at the outputs of 45° oriented PBS' uniquely identify four 
single-photon Bell- states. The preparation and measurement 
stages together form an equal-path Mach-Zehnder interferom- 
eter. 



written as 



\^) = (\a,H) + \b,V))/V2, 



which is a single-photon Bell-state. The other three 
single-photon Bell-states can be prepared by using an 
additional phase shifter and polarization rotating half- 
wave plates 6 a and b - The spatial phase (j) can be in- 
troduced, for example, by slightly moving the mirror in 
path a and it determines whether the two amplitudes in a 
single-photon Bell-state interferes constructively (0 = 0) 
or destructively (0 = tt). The half- wave plates, indicated 
as 6 a and #5, inserted in the beam paths a and b may 
either flip the polarization (0 a = b = 45°) or do nothing 
(9 a = b = 0°). Therefore, all four single-photon Bell- 
states can be easily prepared in this setup by suitable 
combinations of the spatial phases and polarization flip. 

Note that it is also possible to prepare single-photon 
two-qubit product states using this scheme. To prepare 
single-photon two-qubit product states in the basic qubit 
bases ( | a) , | b) , | H) , and | V ) ) , we need to control the HWP 
orientations (0° or 45°, but not 22.5°) and the angles of 
a and b (0° or 45°). For example, 0° HWP angle and 
a = 0° prepares the state \a,H). The spatial phase <p 
is not relevant in this case because interference does not 
play any role. 

We can also prepare single-photon two-qubit product 
states in a superposition basis, as proposed in the single- 
photon two-qubit quantum cryptography protocol , 
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For example, \S, V) state can be prepared by setting the 
HWP at 22.5°, a = 45°, and b = 0°. 

This setup therefore allows preparation of various 
single-photon two-qubit states, as required for the de- 
terministic quantum cryptography proposed in Ref. . 
Since all the phase and polarization adjusting compo- 
nents in this setup can be replaced with electro-optical 
devices, automated random switching among different 
states is possible. 

Let us now discuss the measurement of single-photon 
Bell-states. A complete measurement of two-photon po- 
larization Bell-states requires both nonlinear optical ef- 
fects and quantum interference UJl- O n the other 
hand, a complete measurement of the single-photon Bell- 
states require only single-photon interference effects and 
linear optical elements [l9(- It is because entangling 
or interacting two separate photons requires nonlinear 
optical elements, but "entangling-unent angling" single- 
photon two-qubit states require only linear optical ele- 
ments as we have seen earlier. 

The single-photon two-qubit Bell-basis measurement 
scheme is shown in Fig. ^b). First, we mix the spatial 
qubit modes, labeled as a and 6, at a polarizing beam- 
splitter. Since the single-photon Bell-basis detector relies 
on the single-photon interference effect, it is necessary 
that the paths a and b are kept equal. The polarizing 
beamsplitter transforms the incident amplitudes in the 
following way: 
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The single-photon Bell-states are then transformed by 
the polarization beamsplitter, 
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Clearly, a 45° oriented polarizing beamsplitter 
(PBS@45°) inserted at modes a' and b' can sepa- 
rate the above states into four distinct spatial modes. 
The four single-photon detectors placed at the output 
ports of PBS@45°, shown in Fig.^b), therefore produce 
an unambiguous signal which corresponds to the input 
single-photon Bell-state. 

We have implemented experimentally the preparation 
and measurement scheme for the single-photon Bell- 
states. The argon pump laser was approximately 200 
mW. The distance from the second polarizing beamsplit- 
ter (which is used to prepare the single-photon Bell-state) 
to the third polarizing beamsplitter (which is used to 
measure the state) was about 50 cm. a and #5 angles 
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FIG. 2: Experimental data showing the outputs of Bell- state 
detectors for a given Bell- state input. Error counts show up 
due to the result of imperfect experimental alignment and 
phase instabilities. 1^^) detectors show lower count rate 
than |$^) detectors due to lower photon coupling efficien- 
cies. 
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FIG. 3: Possible receiver design for proposed single-photon 
two-qubit quantum cryptography protocol. Half-wave plates 
(HWP1 oriented at 22.5° and HWP2 oriented at 67.5°) trans- 
forms the (\B[)) states to the Bell- states with one to one cor- 
respondence. 



were set by hand and <\> was set by moving the mirror 
in the beam path a with a computer controlled DC mo- 
tor. In the Bell-basis measurement part of the setup, a 
half-wave plate and a polarizing beamsplitter were used 
instead of rotating the PBS by 45°. A multi-mode fiber 
coupled single-photon counting detector was placed at 
each output modes and the coincidence between the trig- 
ger detector T and the Bell-basis detector was measured. 
The coincidence window in this experiment was about 3 
nsec. 

Figure shows the output of the Bell-basis detectors 
for four different single-photon Bell-states as the input 
and it clearly indicates that the Bell-basis detectors be- 
have as expected: e.g., for state input, only 
detector produces a signal. The data however show that 
there are still some probabilities that the single-photon 
ends up at a wrong Bell-basis detector. These errors 
are the result of imperfect alignment of the experimental 
setup and phase instabilities of the overall Mach-Zehnder 
interferometer. Also, I^I/^) detectors show lower count 
rate than l^^) detectors. This is due to different photon 
coupling efficiencies of fiber-coupled single-photon detec- 
tors. 

In this experiment, the coincidence counts between the 
trigger detector T and four Bell-basis detectors are mea- 
sured so the dark counts of individual detectors did not 
show up in the data. Similar reduction of dark counts can 
be expected in real-world situations as well, if the single- 
photon source is pulsed and the Bell-basis detectors are 
gated accordingly. 

Let us now briefly discuss how the single-photon Bell- 
basis detection scheme demonstrated in this paper might 
be applied for the single-photon two-qubit quantum cryp- 
tography proposed in Ref. [T^- In their scheme, the re- 



ceiver must have two detection bases, for example, 

= (\a,V),\a,H),\b,V),\b,H)), 
(|fl?>) = (\S,+45°),\A,+45°},\S,-45°),\A,-45°)). 

The (\Bi)) basis detection is trivial since no interference 
is required for the state detection: polarizing beamsplit- 
ters in paths a and b would do the job. For (\B[)) ba- 
sis detection, however, interference is required. We have 
seen earlier that the Bell-basis detection scheme produces 
a unique and unambiguous output signal corresponding 
to the input single-photon Bell-state. Therefore, for un- 
ambiguous and complete (\B[)) basis detection, we only 
need to find a way to transform the (\B[)) basis states to 
the Bell-states with one-to-one correspondence in one op- 
tical setting. This may be accomplished by introducing 
a half-wave plate at each input port of the the polariz- 
ing beamsplitter in the Bell-basis detection scheme. If 
the half-wave plate in path a input is oriented at 67.5° 
and the half- wave plate in path b is oriented at 22.5°, the 
(iB'j)) states are transformed to the Bell-states with ex- 
act one to one correspondence just before the polarizing 
beamsplitter, 

1 5, +45°) |*( + )), \A, +45°) |*(-)), 
\S, -45°) -> |$ (+) ), \A, -45°) -> |$ ( - } ). 

Complete and unambiguous basis detection is 

therefore possible with a very simple modification of the 
Bell-basis detection scheme. A possible receiver design 
for proposed single-photon two-qubit quantum cryptog- 
raphy can be seen in Fig. [3 

Finally, we discuss some potential difficulties regarding 
quantum cryptography schemes using the single-photon 
two-qubit state. As we have seen in this paper, the sender 
and the receiver in quantum cryptography schemes using 
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the single-photon two-qubit state are two sub-divisions 
of a huge Mach-Zehnder interferometer. Since single- 
photon interference is critical for reliable and unambigu- 
ous Bell-state detections, the two spatial qubit modes 
a and b should be free of any phase fluctuations. If, for 
example, a tt relative phase is temporarily introduced be- 
tween the two spatial modes when the photons are trav- 
eling between the two parties, the Bell-state detectors 
will produce an incorrect output: for example, 
state sent to the receiver will trigger detector in- 

stead. Phase stability, in addition to polarization sta- 
bility, therefore will be a serious issue for implementing 
long distance quantum communication using the single- 
photon two-qubit state. 

In summary, we designed and implemented a deter- 
ministic method to prepare and measure all four "single- 



photon two-qubit entangled states" or "single-photon 
Bell-states." Although the quantum cryptography proto- 
col based on single-photon two-qubit states promises to 
give a factor of 2 gain compared to other cryptography 
scheme |l2j , such as the one based only on single-photon 
polarization states [2Cj . the price to pay is substantially 
higher maintenance cost to ensure that the spatial modes 
are free of any phase instabilities, in addition to the po- 
larization stability. 
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